Binding with low-affinity ligands, such as histological dyes, can be difficult to quantitate owing to the dissociation of bound ligand with washing or the retention of nonspecifi ca.llybound ligand because ofincomplete washing. The pres ent report describes two simple, rapid methods of dis cniminating bound from free ligand without the need for washing steps. One method is based on the spectral changes induced in a dye ligand, Congo red, on binding to the â€oe¿ reap totâ€• insulin fibnils. This method discriminates spectropho tometrically between bound and free ligand without requir ing any physical separation ofthe two forms. No radioactive ligands are necessary, and, by using disposable cuvettes, the
Introduction
The binding of a histological dye to a tissue macromolecule can be considered analogous to the binding of a ligand to a receptor. Nevertheless, although quantitative analysis of ligandâ€"recepton binding has been extensively employed in the biological sciences, to our knowledge this technique has never been specifically adapted to quantify the binding ofhistological dyes. The quantitative data obtained through Scatchard analysis of equilibrium binding data could provide important insights into the molecular mechanisms of dyeâ€"substrateinteractions. The application of this technique relies upon the ability to separate and/or discriminate bound from free ligand (i.e., dye). Separation ofbound from free ligand is relatively simple when the â€oe¿ receptorâ€• is in a particulate state and the dissoci ation constant, KD, is 108 or smaller (1) . In this case, simple filtra tion methods are routinely employed (1) . As the KD increases with low-affinity ligands, separation ofbound from free ligand becomes more difficult, because either bound ligand is dissociated in wash ing steps on free ligand is retained owing to incomplete washing 1 (1). Methods such as equilibrium dialysis and centnifugation have been used to overcome some of these problems. Dialysis can be very cumbersome, and centnifugation often yields high backgrounds ofup to 85% ofthc tota/binding (7) . Novel approaches based on differences in the physical properties of bound and free ligand, in cluding NMR relaxation times (4), have been reported but require very specialized equipment. Such techniques do not require that bound and free ligand be physically separated in order to distin guish between the two forms. This has two advantages. First, the background nonspecific binding theoretically approaches zero. See ond, no bound ligand, regardless of how high the KD (or low the affinity), is dissociated by washing steps.
The present report describes two methods ofdiscniminating be tween bound and free ligand, neither ofwhich requires a washing step. The first is based on the spectral changes induced in a dye ligand, Congo red (CR), on binding to a protein with a beta-pleated sheet conformation, i.e. , insulin fibnils. The second is a filtration method that does not require a washing step to reduce the non specific binding. Both methods were developed during studies of the binding of CR to various models of amyloid protein (Klunk et al., submitted for publication). Bovineinsulin (Sigma; St. Louis, MO) wasconverted into fibnilsby the methods ofBurke and Rougvie (3) . Briefly, 14.5 mg ofinsulin was dissolved in 1.5 ml of a solution adjusted to pH 2.0 with HC1. This solution was heated in a sealed tube at 92'C for 10mm, cooled, and then rapidly frozen in a dry ice/acetone bath. The procedure was repeated with 3-mm heating periods seven more times, and then enough pH 7.4 buffer was added to bring the final volume to 12.7 ml. The result was a very fine white precipi tate that kept wellsuspended. In another experiment, poly-L-serine(Sigma) was suspended, with sonication, in the buffer described above.
Materials and Methods
Spectrophotometric studies were initiated by the addition of 10 al of a 1.14mg/mI (200 iM) suspension of insulin fibnils to a CRâ€"buffer solu tion to bring the total volume to 2 ml. The suspension was mixed and then incubated at room temperature for 30 mm before spectrophotometnic mea surements on a VanianDMS-100spectrophotometer with a DS-15interfaced
computer. Absorbance readings were taken at 540, 477, 406, and 349 nm. Calculation of bound CR was performed as described in Results. Filtration studies were done under the same conditions as the spec trophotometric studies, except that after the incubation the binding mix ture was loaded into a 3-mt plastic syringe and rapidly forced through a dry 13-mm Gelman extra-thick glass fiber filter (â€oe0.3im nominal pore retention) held in a Nuclepore 13-mm â€oe¿ Pop-Topâ€• filter holder (Nuclepore;
Pleasanton, CA) into a clean test tube. The absorbance ofthe filtered sotu tions was then measured at 498 nm. In the concentration range employed, no significant loss of absorbance was noted after filtration of CR solutions in the absence of insulinfibrits.
Becausesuch a significant portion ofCR wasbound, the concentration of the free ligand at equilibrium was measured (filtration assay)or calcu lated (as the total ligandâ€"bound ligand; spectrophotometricassay)and used in all Scatchard calculations. 
Results

Derivation of Equations
When the insulin fibnils were added to the CR solutions, the ap pearance of the suspension changed from an orange-red to a rose color. Figure 1 demonstrates the spectral correlate of the color change. There is a hyperchnomicity and shift ofthe absorbance max imum when CR is bound to insulin fibnils. Peptides, such as poly L-senne, which do not bind CR do not induce either the hyper chromic effect or the shift of the absorbance maximum (Klunk et al. , submitted for publication). Filtration studies (see below) dem onstrate that essentially 100% of the CR is bound under the con ditions used to obtain the results presented in Figure 1 (5 iM CR and 11 iM insulin fibrils) Figure 1 shows three points at which the spectra intersect because both bound CR and free CR have equal molar extinction coefficients. These are known as isosbestic points and fall at 349, 406, and 477 nm. The point of maximal spectral difference occurs at 540 nm. This phenomenon is also demonstrated in the difference spectra of Figure 2 . It is most important to note that the isosbestic points and the point of maximal spectral differ ence remain constant throughout the concentration range of CR used and that the maximal spectral difference is linear with the concentration of CR (Abs-diff = 26,800 x [CR) + 0.003; r = 0.9999). Figure 3 shows that the filtrate from a suspension with excess CR (10 iM CR plus 2 iM insulin fibnils) has a spectrum qualita tively identical to CR in the absence of insulin fibnils, demonstrat 
It can be seen from Eqs. 4 and 5 that if both wavelengths, wi and w2, were isosbestic points, then the denominator would be zero and the equation would be unsolvable.
To calculate the concentration of bound ligand, c@,one needs only to measure the absorbance at 540 nm and at an isosbestic point, once the molar extinction coefficients are known. These coefficients are easily obtained for the free ligand by traditional methods using insulin fibril-free solutions of CR. For the bound tigand, the mo lar extinction coefficients can be obtained by taking spectrophoto metric measurements under conditions which assure essentially com plete binding, i.e., c@= 0. For the results shown in Table 1 , this was accomplished by using a concentration of 1 1 iM insulin fibrils.
At this concentration of insulin fibnils, the absorbance of even the most concentrated CR solution (10 @sM) was decreased by 99% with filtration to remove the fibnilâ€"dyecomplex from suspension.
As can be seen in Table 1 , at the three isosbestic points, 349, 406 and 477 nm, the molar extinction coefficients are essentially identical, as would be expected. Because the values at 477 nm are consistently the most similar, this point was used as the isosbestic point for further calculations. Other calculations using the other isosbestic points or an average of all three points yielded nearly identical results.
Using the 477-nm isosbestic point and substituting the values from Using Eq. 6, the concentration of bound ligand, c@,can be calcu lated by measuring the total absorbance of a CRâ€"insulinfibnil mix tune at 540 and 477 nm. The free ligand, cf, is then simply the difference between the total concentration of CR and cb. The hypenchnomic effect seen in Figure 1 can be used to deter mine the concentrations of both bound and free CR. According to Beer's Law, A = abc, where A is the absonbance in absorbance units (AU), a is the molar extinction coefficient, b is the pathlength in cm, and c is the concentration in moles/liter. The total absor bance at any wavelength (w), wAt equals the sum of the absor bances of the bound ligand (Ab) and the free ligand (Af):
Eq. 1 WA = WAb + WAf wabcb + Wafcf Pathlength (b) is omitted because it is held constant at 1 cm. By measuring the total absorbance at two wavelengths, e.g. , wl and w2, two equations with two unknowns (cb and cf) are obtained. These equations can be solved for c@as follows: In the spectrum of a mixture containing both bound and free CR, the maximal contribution of q, is given at the point of maximal spectral difference, 540 nm (Figure 1 ). Using this as one of the wavelengths will maximize the accuracy of the calculations at tow ratios of cb/cf. Additionally, if w2 is an isosbestic point (i), then, [CONGO RED] (uM)
Figure4. BindingcurveofCR and insulinfibrilsby boththe spectrophotomet
nc (open circles) and the filtration method (closed circles). Various concentra tions ofCR were incubated with 6 @tg/ml (1 @tM) insulin fibrils in the buffer (see Materials and Methods) for 30 mm. The absorbance at 540 and 477 nm was measured and then the solutions were filtered. With the filtration method, CA bound was calculated by the decrease in absorbance ofthe filtrate. In the spec trophotometric method, Eq. 6 was used to calculate CR bound. No correction was needed for â€oe¿ nonspecific bindingâ€• in either method.
The curves were calcu lated by a least-squares method, fitting the data to the classic law of mass ac tion equation as adapted for receptor-ligand interactions (1),after appropriate correction for the use of total ligand concentration as the abscissa. Figure 4 shows the binding curve of CR binding to insulin fibnils. Scatchard analysis of these data is reported elsewhere (Klunk et al. , submitted for publication). Results from both the spectrophoto metric and the filtration methods are shown. It can be seen that the binding reaches saturation, and the maximal binding does not continue to drift up as it would do ifthere were a significant amount of nonspecific binding. In the experiment shown in Figure 4 In six filtration experiments, the average Bmaswas 2.19 Â±0.10 and the KD 1.03 Â±0.44 x iÃ¸-@ M. In any one experiment, the Bmas obtained by the filtration method was always approximately 10-20% higher than that obtained by the spectnophotometnic method.
Binding Studies
Discussion
bound from free ligand without the need for washing steps which can dissociate low-affinity ligands from a necepton (1) . Both methods can be used to quantify the binding of dyes to their substrates. Neither method requires a radioactively labeled dye ligand, which can be costly if a custom synthesis is required. The spectrophoto metric method is simpler than the filtration method, and shows the least variability. By using disposable cuvettes, the entire bind ing assay can be done in a single container without the need for transfers. Since there is no physical separation of bound from free ligand, there is no danger ofdissociating a low-affinity ligand from its binding site.
The concept of using spectrophotometry to determine the nela tive concentrations of two separate binding states of a molecule in solution is not new. The concentrations of oxy-and deoxy hemoglobin have long been estimated by measuring changes in the hemoglobin spectrum induced by oxygen binding to heme (6) . The application of the spectrophotometric method to ligand protein binding studies does have significant limitations. First is the necessity for relatively large concentrations of both ligand and protein. Second, the mixture must be relatively free of contaminants which would absorb at the wavelengths measured. Third, there must be a significant spectral change induced by the binding. The exis tence ofan isosbestic point in the bound and free spectra will allow simplification of the calculations but is not necessary.
The filtration method is more widely applicable than the spec trophotometnic method, but it also has limitations. The neproduc ibility and precision of this method do not appear to be as great as those of the spectrophotometnic method. Nevertheless, this method appears to be as reproducible as standard filtration methods. The success of the filtration method also relies on having a rela tively large quantity of â€oe¿ receptorâ€• so that there will be enough bind ing sites to remove an easily measurable amount ofthe ligand from solution. Although the ligand must be a chromophore, as in the spectrophotometric method, there is no requirement for spectral changes induced by binding. There is the additional requirement that the â€oe¿ receptorâ€• be filterable.
Like the spectrophotometnic method, the filtration method is especially applicable to low-affinity ligands. Although there is a physical separation of bound and free liggnd, there is no need to wash the filter because the measurement of absorbance is based on the concentration difference in the filtrate rather than the ab solute amount of receptor-bound tigand (as are most radioligand methods). Since the small amount of solution retained by the fil ten should have the same concentration of CR as the filtrate, its presence on absence will not affect the absorbance of the filtrate.
In the filtration studies, it is important that nearly 100% of the â€oe¿ receptorâ€• be filterable. In the present study, three pieces of data suggest that this is true for the insulin fibrils. First, it was shown that filtration reduced the absorbance of the 10 iM CR plus 11 iM insulin fibnil mixture by 99%. Since there is no reason to be lieve that the undyed fibnils selectively pass through the filter, at least 99% of the insulin fibrils must have been removed by filtra tion. Second, Figure 3 shows that the spectrum of a filtrate from a suspension with excess CR is qualitatively identical to that of CR in the absence of insulin fibnils. This suggests that there is no sig nificant amount of insulin fibnils in the filtered solution. Third, ifsome insulin fibnilâ€"dye complexes passed through the filter, then This report describes two simple, rapid methods of discriminating the Bm@obtained by the filtration method should be lower than that seen with the spectrophotometnic method, not higher as is consistently observed.
The reason why the filtration method gives a consistently higher Bmas than the spectrophotom@tnic method is unclear. Perhaps this is caused by the increase in the concentration of insulin fibnils as the solution is filtered, which changes the equilibrium conditions and results in more CR being bound. Alternatively, the insulin fibnils could form a lattice which filters some micro-aggregates ofCR mol ecules, which are known to occur in solution (8), but would not be filtered by the glass fibers alone. The assays described here should have a fairly wide range of ap plicability. The interaction of CR with several other amyloid-like proteins (Klunk et al., submitted for publication) and the binding of several dyes to synthetic fragments of Alzheimer's beta-amyloid protein (5) have already been studied with these techniques, with results analogous to those described here (manuscript in prepana tion). Almost all histologic dyes and many other existing ligands are chromophores in the uv or visible range, and other ligands could be chemically modified to include chromophones. Additionally, radioactive ligands could be used with a minor modification of the filtration method. Much smaller amounts of total radioactivity would be required in this type ofassay compared to standard filtra tion methods, but much more receptor would be necessary. The difficulty in obtaining the relatively large amount of homogeneous â€oe¿ receptorâ€• required for these assays is the major limitation to the application of the methods described in this study. However, with the recent progress in receptor purification and the ability to syn thesize progressively larger proteins, along with the potential of cloning receptor genes (2), an increasing number ofpunified recep tons, available in relatively large quantities, can be expected in the near future. The major advantages to the methods described here are their simplicity and application to the study of ligandâ€"receptor interac tions which have a relatively low affinity and could not survive the washing steps used in more traditional binding assay methods. The interaction of many direct dyes with their substrates is likely to fall into this low-affinity group. â€oe¿ Lowâ€• affinity ligands are also found among other important groups, such as some of the endogenous ligands for neurotnansmitten receptors (1) . Overcoming this low affinity obstacle has necessitated the use of high-affinity exoge nous radioligands in binding studies. The study ofthe direct bind ing of endogenous ligands of tower affinity could yield important information not obtained through competition experiments with high-affinity exogenous nadioligands. On practical grounds, it is much less expensive and much more expedient to use a known tow affinity ligand than to search for a new high-affinity ligand and have it nadiolabeled via custom synthesis. This is especially true in the study of dyeâ€"substrateinteractions. Another area of applica bility is in the early phases ofdrug design studies where the prow type tigands often have low affinity for their receptors. With the binding assays described in this study, these prototype tigands could be used to screen newly designed agents for more efficient binding.
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